ABSTRACT: Studies of nutrient cycling and enrichment in aquatic ecosystems are commonly conducted in enclosed experimental ecosystems. Although there is considerable information about how the dimensions of natural aquatic ecosystems influence nutrient cycling processes, little is known on how nutrient cycling studies might be affected by the physical scales of experimental enclosures. In the present study, replicate (n = 3) cylindrical containers of 5 dimensions with 3 volumes (0.1, 1.0, 10 m3), 3 depths (0.46, 1.0, 2.15 m), and 5 diameters (0.35, 0.52, 1.13, 2.44, 3.57 m) were established and subjected to pulsed additions of dissolved inorganic nutrients (DIN, Pod3-, Si) in summer and autumn experiments. Consistent with common experimental protocols, walls of these containers were not cleaned of periphytic growth during the 8 wk studies. Nutrient concentrations in experimental ecosystems were low prior to nutrient-pulse additions and exhibited exponential depletion following treatments. Overall, larger containers had lower net uptake rates and higher nutrient concentrations than did smaller tanks. Relative contributions of planktonic, benthic and wall periphytic communities to total nutrient uptake varied in relation to dimensions of experimental systems. In general, net uptake rates by planktonic communities were inversely related to water depth, with higher rates associated with increased mean Light-energy in shallower systems. Indirect estimates of benthic uptake rates, which were relatively low in all but the shallowest systems, tended also to be inversely related to depth and directly proportional to light levels at the sediment surface. In contrast, nutrient uptake by wall communities (per water volume) was inversely related to the radius of experimental containers. Differences in the 2 container dimensions, depth and radius, accounted for more than 90 % of the variance in both net nutrient uptake by the whole ecosystem and the molar ratio of DIN/POd3-concentrations in the water column. Similarly, differences in net nutrient uptake rates among experimental ecosystems of different dimensions could be explained by the relative partition-, ing of rates among planktonic, periphytic, and benthic habitats. These results demonstrated that the physical dimensions of experimental ecosystems can have profound effects on measured nutrient dynamics. We also suggest that many of these experimental observations may be relevant also to more genera1 scaling relations for nutrient cycling in natural aquatic ecosystems.
INTRODUCTION
An accurate description of nutrient cycling processes is key to understanding what controls production in aquatic ecosystems (e.g. Dugdale & Goering 1967) . In shallow-water environments nutrient recycling and 'Corresponding author. E-mail: kemp@hpl.umces.edu primary production are partitioned among organisms in planktonic, periphytic and benthic habitats (e.g. Cadee & Hegeman 1974, Kairesalo 1980 , Leibold & Wilbur 1992 . The relative importance of these habitats to overall ecosystem dynamics tends to vary with physiography and dimensions of the aquatic system. In this context, among the most important system dimensions are water-column depth and the ratio of hard-substrate area (A,) to volume (V) of overlying water. Water depth tends to regulate the relative contributions of benthos to total primary production (Duarte & Kalff 1986 , Sundback & Graneli 1988 and to ecosystem respiration and nutrient regeneration (e.g. Hargrave 1973 , Harrison 1980 , Kemp & Boynton 1992 . Similarly, the relative effects of periphyton growth on nutrient dynamics in overlying water vary with the ratio A,/V in stream ecosystems (e.g. Vymazal 1988 , Hansson 1990 ). In ponds and lakes, ecosystem size and morphometry strongly influence primary productivity, nutrient chemistry and partitioning between benthic and pelagic processes (e.g. Fee 1979 , Patalas 1980 , Fee et al. 1992 . .
Quantitative investigations of aquatic nutrient cycling are often conducted in enclosed experimental ecosystems (mesocosms), where inputs and exchanges are easily controlled, and rates of uptake, recycling and transformation are readily measured (e.g. Hecky & Kilham 1988 , Harrison et al. 1990 , Oviatt et al. 1995 . Inherent to all enclosed experimental systems are their reduced physical dimensions (e.g. depth and width) and the container walls which regulate volume and exchange but unintentionally create habitat for attached organisms. Water depth is a fundamental scaling variable, which'operates across a continuum in all aquatic ecosystems, natural or experimental, regulating many important ecological processes (e.g. Parsons et al. 198413) . Although the width of a natural aquatic ecosystem may provide an index of influences from adjacent habitats (e.g. Day et al. 1989) , the inherently reduced width of experimental ecosystems tends to induce container wall 'artifacts', which increase with decreasing radius (e.g. Gamble & Davies 1982) . Although potential artifacts of mesocosm wall-growth are widely recognized (Beyers & Odum 1993 ), a recent literature survey concluded that the majority of mesocosm studies did not include wall-cleaning protocols (~e t e r s e n et al. 1999). In the design and interpretation of experiments, as well as the analysis of scaling effects in nature, it is essential that we find ways of separating and understanding both 'fundamental' and 'artifactual' effects of ecosystem dimension .
Recent studies in the mesocosm facility at Horn Point Laboratory, University of Maryland, Cambridge, MD, USA, used an array of enclosed experimental aquatic ecosystems of systematically differing sizes and shapes to investigate scaling relationships (e.g. Chen et al. 1997 , Berg et al. 1999 ). In one of these studies, it was demonstrated that vertically integrated rates of primary productivity (per unit area) for whole ecosystems are independent of mixedlayer depth under light-limited conditions, but are di--rectly proportional to depth under conditions of nutrient limitation . It was argued that this is a fundamental scaling relationship which applies in both natural and experimental aquatic ecosystems. Experimental artifacts associated with biomass and productivity of algal growth on container walls were shown to decrease with increasing radius (= 2 X [volume/wall area]), but not necessarily as predicted by simple geometric relationships , Berg et al. 1999 . Although earlier researchers had speculated that nutrient uptake and cycling rates might be related to physical dimensions of experimental ecosystems (Gerhart & Likens 1975 , Dudzik et al. 1979 , such relationships had not been previously described.
In this study, we present results from studies conducted at the Horn Point mesocosm facility to quantitatively describe how variations in physical dimensions influence rates of nutrient cycling and productivity in experimental ecosystems. Pulsed nutrient treatments were applied in summer and autumn studies to containers with 5 different combinations of size and shape. The purpose of the study was to explore how overall rates of nutrient uptake and partitioning of rates among different habitats (plankton, benthos, periphyton) vary with size and shape of experimental containers. We consider the implications of our results for design and interpretation of nutrient studies in experimental ecosystems and for comparisons of nutrient cycling processes among natural ecosystems of different dimensions.
METHODS
Experimental design. Replicate (n = 3) cylindrical containers of 5 dimensions, with 3 volumes (0.1, 1.0, 10 m3), 3 depths (0.46, 1.0, 2.15 m), and 5 diameters (0.35, 0.52, 1.13,2.44,3.57 m) , were used in the present study (Fig. 1) . The 5 container types were designated as A, B, C, D, and E in order of increasing diameter, with respective wall-areas of 1. 13, 0.77, 3.54, 16.40 and 11.20 m2 . Two experiments were conducted, each lasting about 8 wk, in summer (July 6 to August 25) and autumn (October 18 to December 2) of 1994. Nutrients were added to experimental 'ecosystems in pulse deliveries, which were applied on Days 34 and 21 in summer and autumn experiments, respectively. In both cases 3 pulses of nutrients were added at 12 h intervals to bring the ammonium (NH4+) and dissolved inorganic phosphate ( P O~~-) concentration up to 50 and 3.1 pM, respectively. Dissolved silica was only added during the initial pulse to bring concentration up to 50 ph4.
Experimental systems. Containers were constructed of fiberglass (Sun-Litea), housed in a temperature-controlled room, and illuminated with banks of fluorescent and incandescent bulbs in a 12 h light:12 h dark cycle, with a mean surface light intensity of 284 (range, 233 to 337) pE m-' S-'. Air conditioning in the facility main- ). All experimental tanks were initiated with sediment composed of a mixture of estuarine sand and mud and with unfiltered water from the Choptank River estuary, a tributary of Chesapeake Bay. One-tenth of the volume of each system was drained daily (during the mixing cycle at mid-depth) and replaced with filtered (0.5 pm) estuarine water (salinity, 8 to 12 psu); however, there was no water exchange during the day of each pulsed nutrient addition. Consistent with typical experimental protocols ) container walls were not cleaned of periphytic growth over the course of these studies. Plastic strips, which were fabricated from the same material as the walls to a width of 1.6 cm and lengths equal to the full depth of each container, were attached to wall surfaces prior to the experiments. These strips were removed at approximately weekly intervals and used to estimate biomass, metabolism, and nutrient uptake of the wall communities. Algal biomass, primary production, and nutrient uptake rates of the wall communities were estimated for specific mesocosms by multiplying measured values for experimental strips times the ratio of mesocosm wall-area to strip-area. Over the course of the experiment, removal of wall strips disturbed < 10 % of the total wall-area in smallest mesocosms and < 1 % in the largest.
Sampling and analysis.
Rates of net uptake of P043-, NH4+, and nitrate plus nitrite (NO2-+ NO,-) by the experimental ecosystems (UT) were estimated by tracing changes in water column nutrient concentrations following the nutrient pulses (pmol l-' h-'). These rates represent the integrated net nutrient uptake (uptake minus recycling) associated with plankton, sediment, and wall communities. Two time periods were defined for nutrient uptake rates in each experiment. Rates for first period were estimated within the initial 6 and 25 h after the nutrient pulse treatment in summer and ~k diameter time period corresponds to the approximate time required for nutrient pulse concentrations to decline to pre-treatment levels; this was the initial 24 and 48 h for summer and autumn experiments, respectively. These longer-term rates were estimated for analysis of how net nutrient uptake by the whole ecosystems were affected by physical scales (volume, depth, radius). Rates for this second time period were calculated using an exponential model (C, = CO e-k'), which fit the data better than did a linear model. In this model, k is a rate coefficient and CO and C, are concentrations at the start and at time = t, respectively. Mean rates were calculated for each nutrient and time period.
Net rates of nutrient uptake (pmol 1-' h-') by plankton (Up) and wall periphyton (Uw) communities were assessed directly by measuring changes in nutrient concentration in 10 and 20 h incubations conducted during summer and autumn experiments, respectively. Incubation chambers were constructed of clear acrylic tubes with a diameter of 7 cm and various lengths, which allowed them to extend the whole depth of each tank (Petersen & Chen 1999) . The top and bottom of each chamber were sealed with transparent acrylic caps to exclude sediments and eliminate gas exchange with the atmosphere. To prevent stratification, a magnetic stir bar was housed in a cage at mid-depth of each chamber (at 2 depths for the deepest [D] tanks) and were turned by means of a magnetic stirring motor attached to the side of the 'chambers. Initial efforts to deploy chambers in the narrow A tanks proved difficult and disruptive to the experimental ecosystems, altering mixing and causing sediment resuspension. Chamber incubations were therefore restricted to the B, C, D, and E systems.
In each of these systems, a chamber with water-colu r n water (plankton community) only and a chamber with both water and a strip of wall material (plankton plus periphyton) were incubated concurrently (Petersen & Chen 1999) . Nutrient concentrations (pM) were measured at 2 to 8 h intervals over 10 to 20 h duration by sampling water from incubation chamber to estimate uptake rates by plankton and wall communities. Planktonic uptake rates ( p 0 1 1-' h-') were calculated from the incubation chamber that contained water alone. The difference in nutrient concentrations (PM) between the incubation chambers with and without wall strips was used to estimated uptake rates (pm01 1-' h-') associated with wall periphyton.
Incubation periods extended over both light and dark periods. No significant differences were, however, evident between daytime and nighttime uptake rates within the same tank dimension in most of incubations (using Fisher's least significant difference [LSD] with a = 0.05). Nutrient concentrations exhibited linear declines during these incubations, and therefore rates were calculated by linear regression of nutrient concentration versus time. A typical example is given (Fig. 2) . Although the fit of these data to a linear model was generally better than that with an exponential model, more measurements over time would be needed to further test this assumption. Initial attempts to directly measure nutrient and 0, fluxes across the sediment-water interface by benthic chambers proved to be difficult and disruptive to experimental ecosystems, altering mixing and causing sediment resuspension, particularly in the narrow (A, B) and deep (D) tanks. Therefore, nutrient uptake ( v 0 1 l-' h-') by the bottom sediment community (UB) was estimated by the difference (Petersen & Chen 1999 ) between rates for the whole ecosystem (h) and the summed rates of plankton and wall communities (Up + UW).
Dissolved nutrients were analyzed with standard wet chemical methods (Parsons et al. 1984a ) using a Technicon AA11 autoanalyzer following filtration Rates (g 0' m-2 h-') of primary production and respiration of the experimental ecosystems were measured by tracing dawn-dusk-dawn (e.g. Odum 1956 ) changes in dissolved oxygen (0') using, polarographic electrodes (Orbisphere model 2607) calibrated twice daily with standard Winkler titration techniques (Carritt & Carpenter 1966) . Net primary production (NPP) was calculated as the difference between measured O2 concentration (mg I-') at dawn and dusk of the same day. The difference in 0' between dusk and the following dawn was used to compute nighttime respiration. Gross primary production (GPP) was defined operationally as the sum of respiration (taken as a positive number) and NPP (Odum 1956 ). All metabolic rates were adjusted to account for air-water gas exchange using empirically derived exchange coefficients .
Production and respiration rates of plankton and wall communities were determined by measuring dawn-dusk-dawn changes in O2 concentration in the same incubation chambers as used for nutrient uptake measurements (above). Rates of GPP for plankton communities were estimated (as described above for whole ecosystem) from the chambers with water only. These values were subtracted from those measured in incubation chambers, which also contained strips of wall material, to estimate metabolic rates of wall communities (Petersen & Chen 1999) . As with nutrient uptake estimates, GPP of the sediment community was inferred from differences between whole ecosystem GPP and the summed measurement of GPP for plankton and wall communities.
Statistics and physical scaling factors. Statistical analyses were performed using SYSTAT (1992) software for Macintosh computers. Repeated-measures analysis (Crowder & Hand 1990 ) was used to assess differences in ambient nutrient concentrations among different dimensions of containers. The different mesocosm types were defined as experimental units, with dimensions (depth, radius, volume) taken as the between-unit factor and time taken as the within-unit factor. The p values for both Treatment and Time X Treatment effects were determined.
Multiple regression analyses were used to assess relationships between physical dimensions of containers, depth (z) and radius (R), versus both nutrient (DIN and P043-) uptake by the whole ecosystems and the molar ratio of DIN/POd3-concentrations. Nutrient uptake by plankton and wall communities were scaled to container dimensions using linear regression analyses for: (1) z versus uptake rates of plankton and sediment communities; and (2) R versus periphytic uptake rate. The best statistical relations were obtained when inverse container dimensions (z-l, R-') were used. Linear regression analyses were also applied to examine relationships between uptake rates versus both algal biomass and GPP. Statistical tests of both multiple and univariate regressions were performed using ANOVA. Fisher's LSD test was used to examine the differences in: (1) uptake rates and GPP between the whole ecosystem and summed rate of plankton and wall periphyton communities; and (2) GPP/DIN ratios between small and large radius systems.
RESULTS

Nutrient concentrations
Nutrient concentrations were generally low prior to nutrient-pulse treatments in both seasons (Table 1) . DIN concentrations were about 1.0 and 0.2 pM for most of the tanks in summer and autumn experiments, respectively. In general, dissolved inorganic phosphorus (P043-) concentrations were about 0.03 and 0.01 pM (near detection limits) in summer and autumn experiments, respectively. Slightly higher DIN and concentrations were found in the deepest (D) tanks compared to all others in summer experiments (Table 1) .
Water column chl a concentrations were low prior to the pulses, ranging from 0.6 to 2.2 pg 1-' and from 1.9 to 7.0 pg l-' in the summer and autumn, respectively (Table 1) . Biomass of wall periphyton was expressed per liter of water volume (wall biomass per water volume) to facilitate comparison with phytoplankton biomass. By the time the nutrient pulse was delivered (3 to 5 wk after the studies were initiated), experimental ecosystems were dominated by wall periphyton, with chl a values ranging from 8.7 to 36.5 pg I-' and from 3.3 to 13.2 pg 1-' in pre-pulse periods in the summer and autumn, respectively (Table 1) .
Exponential declines in nutrient concentrations were observed in all experimental ecosystems following nutrient pulses in both seasons (Fig. 3) . Exponential uptake rates were significant for 87% of the 60 cases (15 mesocosms, 2 nutrients [DIN, DIP], Table 1 . Summary of water temperature ("C), DIN and phosphorus (P043-) concentrations (pM), water column PAR attenuation coefficients (h, m-') and phytoplankton and wall periphyton biomasses (pg chl a l-l) in summer (S) and autumn (A) experiments. Values are mean + SE of replicates (n = 3), except for phytoplankton biomasses in summer experiment are from 1 of each mesocosm type; nutrient and biomass samples taken during week prior to nutrient treatment, and kd measurements are during nutrient treatment period (Fig. 3a,c) .
Partitioning nutrient uptake and GPP
Nutrient uptake rates by whole ecosystems were compared with the summed rates of plankton plus wall communities. In most cases (1 1 out of 16 comparisons) these differences were not significant (Fig. 4) ; however, significant differences were observed in most of the large, wide (E) tanks in both seasons and in the mid-size (C) tanks in the summer experiment. In general, the wall community dominated uptake of DIN and ~O~~-i n the smaller tanks (B and C). Differences in nutrient concentrations among experimental systems were analyzed following nutrient pulses in both experiments. Significant differences in nutrient concentrations were evident (all with p = 0.00) for each nutrient in both experiments, and for both 'Treatment' and 'Treatment X Time' effects (Fig. 3) . Rates of post-pulse P043-depletion decreased consistently with increasing tank radius, except the order was reversed for the 2 largest tanks (A > B > C > E > D; were also positively related to periphytic biomass in both experiments. Similar relationships were also evident between uptake rate and GPP of wall periphyton in the autumn experiment, but not in the summer (Table 2) . However, no significant relationships were found between water column uptake rate and either biomass or GPP of the plankton community in either experiment ( Table 2) . A significant relationship between DIN uptake and GPP of the sediment community was also evident, but only for summer ( Table 2) . Ratios of GPP/DIN uptake of the wall periphyton community were compared between small (B and C) and large (D and E) radius systems, and significant differences were evident in the summer experiment (p = 0.01), with mean values (rt SE) of 11.7 (rt 3.1) and 37.8 (rt 7.9) in the small radius and large radius systems, respectively. However, no statistically significant differences were found in autumn.
Scaling effects on nutrient rates and pools
Interactions between container physical dimensions and nutrient uptake rates were evaluated by relating uptake rates of plankton, periphyton, and sediment communities versus z and R of experimental ecosystems. DIN and P043-uptake rates by planktonic communities (pm01 1-' h-') were strongly related to water column depth (Fig. 6) . Planktonic P043-uptake was inversely correlated to water depth; r2 values were 0.38 DIN and Pod3-uptake by planktonic communities relative to the wall community increased with increasing system radius (Fig. 4) .
Whole ecosystem GPP was also compared with the summed GPP of plankton plus wall communities. Although values for whole ecosystem GPP were consistently higher than the summed rates of 2 components, differences were significant in only 2 out of 8 comparisons. Differences were, however, significant for the E tanks in both seasons (Fig. 5) . Overall, whole ecosystem GPP was generally dominated by the wall periphyton community (Fig. 5) .
Uptake rate versus algal biomass and GPP
Whole ecosystem nutrient uptake rates increased significantly with increasing whole ecosystem GPP in both experiments ( Table 2) . Uptake rates of wall periphyton Table 2 . Linear regressions of exponential rates for DIN and DIP (Pod3-) uptake (pm01 1-I h-') versus algal biomasses and gross primary production rates (GPP) for the whole ecosystem and for plankton, wall periphyton and sediment communities in summer (S) and autumn (A) experiments. Slopes, rZ and p values of linear regressions are given, with n = 12 for most of analyses, except for ecosystem GPP in summer when n = 15. Planktonic and periphytic algal biomasses are given as pg chl a 1-' and GPP rates are given as g O2 m-3 h-' (Fig. 6b,d) . A similar trend was also found for DIN uptake in the autumn, with r2 value of 0.33 (p = 0.05; Fig. 6c ), but there were no significant relationships observed between water depth versus either NH4+ (r2 = 0.29; p = 0.07) or NO3-plus NO2-(r2 = 0.04; p = 0.52) uptake by planktonic communities. In fact, inverse relationships with depth were evident for both NH4+ (r2 = 0.29; p = 0.07) and NO3-plus NO2-(r2 = 0.33; p < 0.05) uptake by planktonic communities. In contrast, planktonic DIN uptake in the summer was positively related to depth (Fig. 6a) , with a significant linear regression with z-' (r2 = 0.54). This trend was dominated by the relationship between NH4+ uptake rate and z-' (r2 = 0.56; p = 0.005). The planktonic uptake rate of NO3-(+ NO2-) actually decreased with depth (i.e. increased with z-l, r2 = 0.41; p = 0.02; n = 12). Uptake ratios of DIN to Pod3-by planktonic community were close to a Redfield value, with mean rt SE of 17.9 * 9.8 and 14.5 * 1.6 in summer and autumn experiments, respectively.
Rates of DIN and P043-uptake ( p 0 1 1-' h-') by wall periphyton communities were significantly and consistently related to container radius. Both DIN and P043-uptake rates by wall communities were inversely related to radius, exhibiting a significant positive linear correlation with the radius scaling factor (R-') in both experiments (all p = 0.00, Fig. 7) . Similar relationships were also evident for inorganic nitrogen species, including NH4+ uptake in both seasons (p = 0.00, summer; p = 0.03 autumn) and NO3-(+ NO2-) uptake in the summer (r2 = 0.32; p = 0.05). Uptake ratios of DIN to P043-by the wall community were also close to a Redfield ratio, with mean values (k SE) of 14.2 (* 0.2) and 13.9 (rt 1.8) in summer and autumn experiments, respectively.
Relationships were also examined between biomassspecific uptake rates of DIN (pm01 N [g chl a]-' h-') and P043-( p 0 1 P [g chl a]-' h-') by wall periphyton communities versus container radius. The trends were sirnilar to those found between volumetric uptake rates by wall periphyton and container radius in both seasons, with nutrient uptake being inversely related to container radius. These relationshps were significant for uptake of DIN (r2 = 0.39; p = 0.03) and P043-(r2 = 0.36; p = 0.04) in summer, but correlations were weak for DIN (p = 0.13) and P043-(p = 0.10) uptake in the autumn experiment. Inverse relations to water depth were evident for sediment community uptake (pmol 1-' h-') of DIN in summer and POA3-uptake in autumn experiments (Fig. 4) . Although there was a clear pattern in these benthic uptake rates versus depth, the relationships were not statistically significant (both r2 = 0.30; p = 0.07) due to large variance in these inferred rates. Sediment community GPP was, however, significantly related to bottom light-levels considering all mesocosms in summer (p = 0.05).
Multiple regression analyses were used to assess relationships between integrated nutrient uptake rates by the whole ecosystems versus container z-' and R-' in both seasons (Table 3) . Rates of DIN uptake by whole ecosystems were inversely related to both depth and radius in both seasons (p = 0.00). P043-uptake was also significantly related to both dimensions in both summer (p = 0.00) and autumn (p = 0.07) experiments; however, slope trajectories of radius varied with season (Table 3) .
Scaling effects on nutrient composition were evaluated by assessing relations between the molar ratio of DIN/P043-averaged over 3 d periods after nutrient pulses versus z-l and R-'. Significant multiple regressions were evident (p < 0.01) between D I N / P O~~-ratios and the 2 physical dimensions in both experiments (Table 3) . Similar analyses performed between D I N / P O~~-ratios averaged over the course of experiments versus depth and radius yielded significant relationships (p < 0.01) for both experiments (Table 3) . 
DISCUSSION
Although research on the topic has been limited, several previous studies have suggested that rates and spatial partitioning of nutrient cycling processes in aquatic ecosystems are related to physical dimensions. Two key aspects of physical dimension are water depth (e.g. Harrison 1980 , Fee et al. 1992 ) and the ratio of hard periphyton substrate area to water volume (e.g. Hansson 1990 ). Many important ecological properties, such as light and nutrients, vary with water-column depth. Since these variations occur in experimental ecosystems as well as in nature, we might reasonably anticipate that systematic variation of depth in controlled experiments could be used to elucidate fundamental scaling effects of depth in nature (e.g. Petersen et al. 1997) . Periphyton can be an ecologically important component of some natural ecosystems, including streams and submersed plant beds; however, the ratio of hard substrate area available for periphyton growth to water volume tends to be fairly low in natural lake and estuarine ecosystems. In mesocosms, container walls provide a large substrate for potential periphyton growth, with the ratio of wall area to water volume increasing with decreasing radius. The h g h ratio of periphyton substrate area to water volume is considered a substantial artifact of experimental ecosystems designed to represent lakes and estuaries (e.g. ). Thus, relationships in which ecological properties are found to scale with width or diameter of experimental containers may tend to measure effects of this artifact.
In this discussion, we first consider mechanisms that may explain the observed scaling relationships between nutrient uptake and physical dimension in our experimental ecosystems. Then we derive a general model for scaling total nutrient uptake in experimental ecosystems to container width and water depth. Finally, we consider the implications of these findings for design and interpretation of nutrient cycling studies in enclosed containers and for comparisons of nutrient" cycling among natural habitats of differing dimensions.
Scaling nutrient uptake by the component communities
Since the light levels received by all experimental ecosystems in this study were similar on an area1 basis (e.g. pm01 quanta m-' S-'), light energy expressed per m3 of water volume was greatest in the shallowest experimental systems. Thus, under light-limited conditions, which were more pronounced in autumn compared to summer experiments , volumetric rates of GPP (g O2 m-3 h-') were inversely Mar Ecol Prog S~I proportional to water depth (Fig. 5) . Because phytoplankton uptake of DIN and P043-tends to be also controlled by light climate (e.g. Nalewajko & Lee 1983, Kanda et al. 1989 , Cochlan et al. 1991 ), a similar relationship would be expected between nutrient uptake and depth. For plankton communities we did, in fact, observe a trend of increasing nutrient uptake rate with decreasing water depth (or increasing z-l) for in both experiments (Fig. 6b,d ) and for DIN in the autumn (Fig. 6c) . The slope of the regressions for was substantially greater for the summer experiment, probably due to the more acute P-limited conditions during the warmer season ). This general pattern, relating experimental plankton nutrient uptake to water-column depth, is similar to the well-described effects of mixed-layer depth on plankton growth and nutrient uptake (e.g. Parsons et al. 1984b ).
In the summer experiment planktonic DIN uptake exhibited an inverse pattern, where rates increased with water depth (Fig. 6a) . In this case, planktonic DIN uptake rate appeared to decrease with increasing light energy (pm01 quanta m-3 S-') received. Thedirect relationship may, however, be an artifact of the experimental design. In the design of these experimental systems, variations in depth and radius are not independent of one another (Fig. 1) . The depth sequence is B < C = E < D, while the radius sequence is B < C < D < E; in both cases, B tanks are smallest, C tanks are in the middle, and D and/or E tanks are largest. In fact, the order of summer DIN uptake rates among tanks (B < C < D < E, Fig. 6a ) was identical to the radius sequence, and the scaling relationship for summer phytoplankton DIN uptake was considerably stronger versus container radius (r2 = 0.90) than versus water depth (Fig. 6a, r2 = 0.54). In the summer experiment, phytoplankton biomass and plankton community DIN uptake followed similar trends, so that uptake per unit algal biomass was relatively constant, and it can be concluded that variations in uptake were driven by differences in biomass (cf. Fig. 6a and Table 1 ). This biomass trend can be explained as a consequence of phytoplankton competition with wall periphyton for limited nutrients, where narrow systems with more periphyton growth tended to have less phytoplankton (e.g. Chen et al. 1997) . Thus, what appears to be an inverse depth effect (Fig. 6a) is probably driven by an inverse radius effect. It is also interesting to note that the sparse phytoplankton assemblages in B tanks (which were the shallowest and narrowest measured) were dominated by NZ-fixing cyanobacteria (T. Malone unpubl.), perhaps reflecting an acute DIN deficiency for these plankton.
In general, periphyton growing on hard substrates obtain their nutrients from the overlying water (e.g. Hansson 1990 ). Consequently, their impact on water column nutrient dynamics should be proportional to the ratio of hard substrate area to water volume to area of substrate surface ( A& Vymazal 1988) . The fact that wall periphytic nutrient uptake in the present experiments was inversely related to container radius (Fig. 7) supports this general scaling concept. In this case, walls of enclosed experimental ecosystems represent hard substrate which can support periphyton growth, and the ratio of water volume to wall area is equivalent to half the radius for cylindrical containers. Previous analyses have shown that as container radius decreases the relative significance of wall habitat increases, as does the relative contribution of periphyton communities to total algal biomass and GPP of the ecosystem . A similar trend was observed in the present study for nutrient uptake (Fig. 4) . Indeed, we observed that total system nutrient uptake rates increase with decreasing container size and associated increases in both biomass and GPP of wall periphyton ( Table 2 ). This trend emphasizes the potential importance of wall communities in regulating total nutrient dynamics of experimental ecosystems, particularly for relatively small and narrow containers.
Nutrient uptake by wall periphyton was, however,. also controlled by other factors (besides periphytic biomass, per se) that scale to radius. This is evident.from the fact that biomass-specific uptake rates (uptake per unit periphytic biomass) were also inversely related to container radius. One possible explanation is that the relatively large ratio of wall area to water volume in small radius containers provides attached periphyton more direct access to water column nutrient pools. As a consequence, wall periphyton in containers with small radius (e.g. B and C tanks) may be less dependent on nutrient recycling within the periphyton matrix than are communities in systems of large radius (e.g. D and E tanks). Although no direct measurements of-nutrient recycling are available, ratios of GPP to DIN uptake rate suggest that periphyton production in narrower containers was more dependent on external nitrogen sources. Mean (+ SE) values of GPP/Uw were 11 .7 + 3.1 and 129 + 8.9 for smaller tanks (B, C) in summer and autumn, respectively, and parallel values for larger tanks (D, E) were 37.8 + 7.9 and 174 + 25.7 for the 2 seasons, respectively. The stronger difference in summer compared to autumn may be attributed to more pronounced nutrient limitation in the warmer season . Overall, the data indicate that nutrient uptake by periphytic communities is regulated by a combination of biomass accumulation and habitat geometry.
In contrast to the exaggerated importance of hard substrates (walls) inherent to most aquatic mesocosms, the relative area of sediment (benthic) surface per unit water volume in experimental containers tends to sim-ulate, more realistically, natural habitats of various water depth. All shallow-water sediment communities, including those in our experimental ecosystems, are characterized by a balance of autotrophic and heterotrophic processes and associated uptake and regeneration of nutrients. In shallow habitats, net flux of nutrients (uptake minus regeneration) across the sediment-water interface is directly related to bottom light levels, with net influx in shallower habitats and net efflux in deeper waters (e.g. Rizzo et al. 1992) . Autotrophic uptake of nutrients may reduce net effluxes of regenerated nutrients even from deeper subtidal sediments (e.g. Sundback et al. 1991) . Similarly, the relative contribution of benthic processes to total nutrient recycling in deep sub-photic sediments is inversely related to water depth (e.g. Harrison 1980) , because the role of planktonic recycling is directly related to water-column height (Kemp & Boynton 1992) . It stands to reason, therefore, that variations in the ratio of bottom sediment area to water volume (AB/V) of experimental ecosystems would alter nutrient dynamics and productivity (e.g. Dudzik et al. 1979 , Pilson & Nixon 1980 . This idea was demonstrated experimentally by using layers of sediment trays to alter (AB/V) without changing mean water depth (Perez et al. 1977) . This relationship is further illustrated by the fact that lake primary productivity tends to increase linearly with the ratio of epilimnion sediment area to epilimnion water volume (Fee 1979) ; in this case, high rates of lake productivity are sustained by nutrient recycling at the littoral sediment-water interface. Similar relationships between depth and benthic processes were suggested in the present experiment.
For the experimental ecosystems used in this study, net nutrient uptake (uptake minus regeneration) by sediment communities consistently exhibited inverse relationships to depth and direct relationships to bottom light levels (Fig. 4) . This is similar to previous observations that microphytobenthic production and uptake of nutrients from overlying water are proportional to light at the sediment surface (e.g. Sundback & Graneli 1988) . In our mesocosms, light intensity at the sediment surface declined both with increasing water depth, and the associated longer attenuating column, and with decreasing tank radius, due to absorption by container walls , Berg et al. 1999 , Table 1 ). This may explain the relatively high rates of GPP and nutrient uptake for the wide E tanks compared to C tanks, even though both had water columns of 1 m height (Figs. 4 & 5) . Furthermore, sedimentwater fluxes measured in opaque chambers incubated in these experimental systems (B. Bebout & J. Cornwell unpubl.) revealed that nutrient regeneration rates in the dark were inversely related to water depth. Thus, both nutrient assimilation and regeneration by experimental benthic communities tended to increase with decreasing depth. It is not surprising, then, that rates of net nutrient uptake inferred in this study (Fig. 4) were only weakly related to water-column depth.
Scaling nutrient uptake rate by the whole ecosystem Rates of nutrient exchange and transformation in experimental ecosystems, such as those used in this study, are controlled by the integrated activity of plankton, sediment, and wall periphyton communities. The rates of net nutrient uptake can therefore be expressed by the following equation:
where UT is integrated nutrient uptake (pm01 l-l h-') by the whole ecosystem, and Up, UW, and UB are uptake rates by the plankton, wall periphyton, and bottom sediment communities, respectively. The relative contribution of each component habitat to total uptake is of obvious interest to studies involving measurements in shallow aquatic ecosystems, both natural and experimental. In the present study, we found that variations in partitioning of rates among different components could be explained by dimensional scaling factors.
In particular, significant linear relationships were evident between planktonic nutrient uptake rate and the inverse of water depth (Fig. 6) , expressed as Significant relationships were also found between uptake by the wall community and the inverse of system R (Fig. 7) , written as In this case, Cl and C2 are the slopes of Eqs. (2) & (3), respectively.
Although nutrient uptake by the sediment community was not directly measured in this study, benthic uptake rates were calculated as the difference between rates for the whole ecosystem and the summed rates of plankton plus wall communities (Fig. 4) . Our previous experience indicated that this approach was adequate for obtaining reasonable estimates of benthic rates (Petersen & Chen 1999). As indicated in previous discussions, sediment communities tend to serve as sources or sinks for nutrients in overlying water depending on depth (e.g. Sundback et al. 1991 , Rizzo et al. 1992 , with rates of net nutrient uptake being positive in shoal areas and negative in deeper waters. Even though net nutrient uptake by bottom sediment communities tended to be small relative to overall rates in this experiment (Fig. 4) , inverse relationships between sediment uptake and water depth were observed for several combinations of nutrient species and seasons, so that where C3 is the slope of Eq. (4).
Net uptake by the whole ecosystems, therefore, can be re-written by substituting Eqs. (2) In this case, values of the coefficients, C, and Cb, can be estimated by multivariate regression methods, and C, represents a combination of Cl and C3.
Although the particular coefficients estimated vary by season and nutrient, this model effectively explains net uptake of both DIN and P043-in summer and autumn experiments (Table 3) . It is somewhat ironic that the model was not significant for P043-uptake in autumn, even though planktonic and periphytic uptake rates were significantly related to depth and radius, respectively (Figs. 6 & 7) . This is because of the confounding trends for wall and sediment P043-uptake, where wall uptake decreased with radius (Fig. ?) , .while sediment uptake increased with radius (Fig. 4) , due to wall effects on light attenuation (Table 1) . The model is, of course, complicated by the fact that each of the 3 habitats (plankton, periphyton, benthos) considered in this analysis is potentially a net source or sink for water column DIN or P043-. Despite these complex nutrient uptake and regeneration patterns for the 2 nutrients and 3 habitats, most (82 to 85 %) of the variations in DIN/P043-concentration ratios were also explained by differences in depth and radius (Table 3) . Thus, patterns of nutrient concentrations and uptake by these experimental ecosystems can be largely explained by 2 characteristic length scales, which regulate the relative contributions of plankton, periphyton, and sediment communities to the overall rates.
..
Implications for nutrient cycling experiments
Experimental containers of widely varying sizes and shapes are commonly used in studies of nutrient cycling processes in aquatic ecosystems (e.g. Gearing 1989 , Beyers & Odum 1993 . Although previous investigators have postulated that experimental observations of nutrient fluxes might be affected 'by container dimensions (e.g. Dudzik et al. 1979) , this notion had not been heretofore tested. Results of this study revealed significant relationships between net nutrient uptake rates and both depth and radius of experimental systems (Figs. 6 & 7, Table 3 ). The obvious implication of these findings is that results of nutrient cycling studies conducted in experimental ecosystems may be biased by the dimensions of containers used. Scaling relations developed from the present experimental studies, however, provide a basis for quantifying the magnitude and nature of these biases. We also speculate that certain of this study's statistical models, which characterize variations in ecological properties with system dimension, may also describe fundamental scaling relationships which apply both experimental and natural ecosystems.
One inevitable artifact of experimental aquatic ecosystems is growth of periphybc communities on container walls. Growth of periphytic bacteria and algae on mesocosm walls is typically rapid, reaching significant levels within 2 to 3 d (e.g. Kevern et al. 1966 , Kuiper 1981 ) and often dominating both biomass and productivity within relatively short (7 d) time periods (Chen 1998) . Even for systems with periodic wall cleaning, rapidly growing periphyton can still alter metabolic processes in planktonic and benthic communities (Dudzik et al. 1979 , Chen 1998 . Since periphytic biomass per unit volume tends to be a function of system width , it is not too surprising that both total nutrient uptake and uptake per unit periphytic biomass were also inversely related to container radius (Fig. 7) . As a consequence, narrower experimental ecosystems had higher nutrient uptake rates and lower ambient nutrient levels. In the present study, narrower mesocosms not only had a larger fraction of total nutrient uptake going to wall periphyton, but they also had higher total rates of nutrient uptake by the entire experimental ecosystems. Thus, even in relatively short experiments (<7 d), wall effects can significantly alter measured rates of nutrient uptake by an entire experimental ecosystem and by its plankton community. Scaling patterns such as those observed here may, however, be used to relate experimental results to natural conditions without walls using statistical relationships and numerical models (Chen 1998) .
In addition to rates of nutrient uptake, the resulting ratios of DIN and P043-concentrations also differed in mesocosms of different size and shape. Molar concentration ratios, DIN/P043-, were significantly related to container radius and depth (Table 3 ). In the summer experiment, the DIN/P043-ratio decreased with both radius and depth, suggesting relatively higher rates of P uptake and sorption and N recycling by walls and sediments. This is consistent with the well-described effects of mesocosm walls (e.g. Confer 1972) and estuarine sediments (e.g. Jensen et al. 1995) as sinks for P sorption and estuarine sediments as sources of recycled N (e.g. Klump & Martens 1983) . In the fall experiment, DIN/P043-ratios were positively related to water depth, perhaps suggesting increased importance of denitrification and phosphorus release from sediments under slightly lower redox conditions . Because DIN/PO,~-ratios tend to be dependable indices of relative nutrient limitation for phytoplankton (e.g. Howarth 1988 ), these results indicate that phytoplankton growth in mesocosms with shallower depth and narrower radius tended to be more P-limited. Plankton experimentalists need to beware of potential unanticipated effects of container dimensions on DIN/PO,~-ratios and on the associated algal community structure and dynamics (e.g. Tilman et al. 1982) . It is interesting to note that a similar pattern described for lakes, where relative P-limitation for phytoplankton growth decreases with increasing lake depth and volume, has been attributed to sediment effects (Guildford et al. 1994) . It remains to be seen how general this relationship may be, but it is tempting to suggest that relative availability of N versus P for phytoplankton is partially regulated by the ratio of water volume to area of physical surfaces-be they sediments, rocks, walls.
Water-column depth is an important feature, which can affect primary productivity and other biotic interactions of all aquatic ecosystems . Logistic constraints, however, generally limit aquatic mesocosms to relatively shallow depths (Jassby et al. 1977) . Results of the present study revealed significant variations in net nutrient uptake with water column depth. These variations may be part of broader relationships relevant to natural, as well as experimental, ecosystems. In general, nutrient uptake by experimental ecosystems decreased with increasing water depth. This pattern appears to be a direct consequence of light limitations on net nutrient uptake by both plankton and sediment communities, with net regeneration of nutrients by shaded sediments in deeper water columns. This trend was, however, reversed in summer both for net DIN uptake by plankton because of wall periphyton effects and for whole system ~0~~-uptake because of net nutrient release from heterotrophic sediments. Presumably, experimentally observed patterns would be more general and robust if we had measured gross rates of nutrient assimilation and regeneration rather than simply net uptake. Thus, the relationships are complicated by the fact that sediment, wall and plankton communities are capable of being net sources or sinks of DIN or POa3-, and the fact that mechanisms and rates of cycling differ markedly for N and P. In general, however, it appears that the mechanisms by which depth affects nutrient cycling processes are fundamentally the same in experimental and natural ecosystems.
We conclude that the size and shape of experimental containers can have profound effects on overall nutrient uptake rates and on partitioning of rates among major habitats, as well as on nutrient composition (DIN/P043-) and resulting algal assemblages. We believe that results of scaling investigations such as those presented here can be used to strengthen experimental designs and to enhance interpretation of experimental results in relation to nutrient cycling in nature. On one hand, there is now substantial existing knowledge about such scaling relations in nature which could be applied to improve design and interpretation of nutrient cycling experiments. On the other hand, we suggest that general scaling relationships applicable to both controlled and natural ecosystems can be discerned by conducting experiments to explore how physical dimensions affect ecosystems dynamics.
